A b-glucosidase gene unbgl1A was isolated by the functionbased screening of a metagenomic library and the enzyme protein was expressed in Escherichia coli, purified, and biochemically characterized. The enzyme Unbgl1A had a K m value of 2.09 + + + + + 0.31 mM, and a V max value of 183.90 + + + + + 9.61 mmol min 21 mg 21 under the optimal reaction conditions, which were pH 6.0 at 508 8 8 8 8C. Unbgl1A can be activated by a variety of monosaccharides, disaccharides, and NaCl, and exhibits a high level of stability at high concentration of NaCl. Two prominent features for this enzyme are: (i) high glucose tolerance. It can be tolerant to glucose as high as 2000 mM, with K i 5 1500 mM; (ii) high NaCl tolerance. Its activity is not affected by 600 mM NaCl. The enzyme showed transglucosylation activities resulting in the formation of cellotriose from cellobiose. These properties of Unbgl1A should have important practical implication in its potential applications for better industrial production of glucose or bioethanol started from lignocellulosic biomass.
Introduction
b-Glucosidase (b-glucoside glucohydrolase; EC 3.2.1.21) that catalyzes the hydrolysis of alkyl-and aryl-b-glycosides as well as di-and oligosaccharides, is an important industrial enzyme [1] . b-Glucosidases have been used in the production of soy isoflavones and flavonoids of Ginkgo biloba. Some b-glucosidases also have transglucosylation activities, which are responsible for the synthesis of gentiooligosaccharide [2, 3] . Moreover, b-glucosidases are important components of the cellulase complex and key rate-limiting enzymes in cellulose degradation in the process of breakdown of cellulosic oligosaccharides into glucose [4] .
Cellulose is the most abundant and cheapest renewable resource on the Earth, and plays a vital role in solving the energy and environmental crisis [5] . However, in most cases, cellulose cannot be used unless it is degraded into glucose. Cellulase is a class of enzymes that depolymerize cellulose to glucose, and it can be divided into three categories: (i) endoglucanase (EC 3.2.1.4), which randomly hydrolyzes long-chain cellulose to generate short-chain cellulose; (ii) exocellobiohydrolase (EC 3.2.1.91), which hydrolyzes shortchain cellulose to generate cellobiose; and (iii) b-glucosidase (EC 3.2.1.21), which hydrolyzes cellobiose to produce glucose and results in mitigating the product (cellobiose) inhibition on endoglucanase and exocellobiohydrolase [6] [7] [8] . During the whole reaction process, b-glucosidase is the ratelimiting enzyme, which is the bottleneck of glucose production by biological degradation [9] . Therefore, it is critical to develop a new type of b-glucosidase with high catalytic activity and glucose tolerance for industrial applications.
Most microorganisms in nature could not be purely cultured in the laboratory. Hence, metagenomic techniques are culture-independent methods that are developed to access the genetic resources of environmental microbial world [10] . The metagenomic approach has been used to clone enormous enzymes of industrial importance from the environment [11] .
In the present study, using the activity screening strategy, the unbgl1A gene coding for b-glucosidase was discovered and isolated from the metagenomic library of enriched sugar soil, and then the enzymatic properties were characterized. To our knowledge, this is the first report of a metagenomederived b-glucosidase isolated from the enriched sugar soil.
Materials and Methods
Metagenomic library construction Soil samples were collected from the sugar refinery (Pumiao, China). DNA was extracted and purified based on the method of Pang et al. [12] . A DNA library was constructed using the copy control Fosmid library product kit (Epicentre, Madison, USA) according to the manufacturer's instructions.
Library screening and gene cloning
Clones of the Fosmid DNA library were screened on Luria-Bertani (LB) agar plates supplemented with esculin hydrate and ferric ammonium citrate in order to detect b-glucosidase activity as described in the method of Eberhart et al. [13] . Clones of the Fosmid DNA library on LA plates [14] were screened by transferring them to the LA plates supplemented with esculin hydrate and ferric ammonium citrate and then incubated at 378C for 15 h. The positive clones were digested with BamHI and the fragments were sub-cloned into a pUC19 vector. The sub-cloned fragments were then sequenced from both ends by TaKaRa (Dalian, China).
DNA sequence analysis
Sequences assembly and open reading frame (ORF) prediction were carried out with Vector NTI program (Invitrogen, Carlsbad, USA). Sequence similarity searches were performed with the BLAST tools (www.ncbi.nlm.nih.gov). Protein domain analysis was performed with SMART tool (Simple Modular Architecture Research Tool) on SMART server (http://smart.embl-heidelberg.de). Alignment analysis was performed with Jalview using the online MUSCLE algorithm (http://www.ebi.ac.uk/Tools/muscle/). The phylogenetic trees were constructed and the figures were produced with Jalview.
Recombinant protein production and purification The unbgl1A gene was amplified by polymerase chain reaction (PCR) with the following primers: sense primer, 5 0 -ACTCCATGGTGCACCACCACCACCACCACACCCA CCCGCTCGACCGCACCG-3 0 containing an NcoI site (underline) and His 6 tag at the 5 0 -end (bold), and anti-sense primer, 5 0 -CATAAGCTTCTACGCGGCCTTTTGCCCCCC G-3 0 containing a HindIII site at the 5 0 -end (underline). The conditions of the PCR were: 958C for 2 min followed by 30 cycles of 948C for 30 s, 568C for 30 s, and 728C for 2 min, and a final extension at 728C for 10 min. The PCR product was digested with NcoI and HindIII, and then ligated directly into the pSE380 expression vector (Invitrogen) that was digested with the same enzymes. The resulting recombinant plasmid was transformed into Escherichia coli BL21. The transformants were screened by activity assay on LB agar plates with 0.1% esculin hydrate, 0.2% ferric ammonium citrate, 100 mg/ml ampicillin, and 1 mM isopropyl b-D-1-thiogalactopyranoside (IPTG), and then digested with NcoI and HindIII to select the positive clones. The transformants were incubated in LB medium with ampicillin (100 mg/ml) at 378C until OD 600 ¼ 0.6. Then, 1 mM IPTG was added to the broth and the incubation was continued at 378C for another 10 h to induce the expression of Unbgl1A. Cells were harvested by centrifugation, washed twice with 100 mM phosphate buffer solution (pH 7.6), and lysed by sonication in 10 ml lysis buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 10 mM imidazole, pH 8.0). The lysate was centrifuged at 13,400 g for 30 min at 48C, and then purified by affinity chromatography using nickel-nitrilotriacetic acid (Ni-NTA; Qiagen, Hilden, Germany) according to the manufacturer's instructions. The purified proteins were analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and mass spectrometry (MS). The protein purity was analyzed with high performance liquid chromatography (HPLC) using a 4.6 mm Â 50 mm Agilent Macroporous Reversed-Phase C18 column (Santa Clara, USA). The 97% solvent A (water/0.1% trifluoroacetic acid) and 3% solvent B (acetonitrile/0.08% trifluoroacetic acid) were used as eluting buffer. The flow rate was 0.75 ml/min. The MS analysis was performed on the MALDI/TOF/TOF 5800 mass spectrometer (AB SCIEX, Foster City, USA) using sinapic acid as matrix.
Zymogram analysis
The zymogram analysis of Unbgl1A was determined by non-denaturing PAGE according to a published method [15] with minor modifications. The non-denaturing PAGE was performed with a 10% (w/v) acrylamide resolving gel and a 4% stacking gel at 100 V for 3 h. The gel was washed with distilled water three times and then was divided into two parts. One was prepared as a zymogram by incubating with 0.1% esculin hydrate and 0.25% ferric ammonium citrate at 378C for 1 h; the other identical gel was stained with Coomassie Brilliant Blue R-250.
Enzyme assay
Enzyme activity was determined using p-nitrophenylb-D-glucopyranoside ( p-NPG; Sigma, St Louis, USA) as a substrate according to Odoux et al. [16] , with minor modifications. Briefly, 0.02 mg of suitably diluted enzyme was added to 130 ml of 100 mM citrate-phosphate buffer ( pH 6.0) containing 2.5 mM of p-NPG. The reaction was carried out at 508C for 15 min and stopped with the addition of 70 ml of 0.4 M Na 2 CO 3 . The release of p-nitrophenol ( p-NP) was measured at 420 nm. Enzyme assays were performed under this condition, unless otherwise indicated. One unit of enzyme activity was defined as the amount of enzyme releasing 1 mmol of p-NP from p-NPG per minute. Specific activity was expressed in units of active enzyme in milligram of protein.
The profiles of activity versus pH and activity versus temperature were determined using the standard assay method. To measure the effect of pH on the activity of Unbgl1A, the enzyme activity was assayed in the range of pH 3.6-8.0 (100 mM citrate-phosphate buffer). To measure the effect of temperature on activity of Unbgl1A, the enzyme activity was assayed at various temperatures (25-708C) for 15 min with p-NPG as the substrate in 100 mM citrate-phosphate buffer ( pH 6.0).
Substrate specificity of the b-glucosidase was measured by incubating the purified enzyme in 100 mM citratephosphate buffer (pH 6.0) containing 2.5 mM aryl-glycosides
, and p-NP-b-Dgalactoside, all from Sigma), or 0.2% (w/v) saccharides (cellobiose, sucrose, trehalose, lactose, cellulose, and maltose, all from Sigma) at 508C for 15 min. The released glucose was determined using the glucose oxidase peroxidase reagent from Sigma. The activities were calculated from the liberated p-NP and the released glucose.
Various metal compounds (NaCl, KCl, MgCl 2 , ZnCl 2 , CuCl 2 , CaCl 2 , MnCl 2 , and FeCl 3 ), chelating agent (ethylenediaminetetraacetic acid (EDTA)), and surfactant (SDS) were added to optimal reaction systems, respectively, to investigate their effects on enzyme activity. The concentrations of metal ions, EDTA, and SDS were 5 mM, 5 mM, and 1% (w/v), respectively.
The effect of mono-or disaccharides on the enzyme activity was determined by using standard enzyme assay conditions in the presence of D-fructose, xylose, D-galactose, L-arabinose, lactose, maltose, or sucrose at concentrations ranging from 5% to 20% (w/v). The K i value of glucose was defined as the amount of glucose required for inhibiting 50% of the b-glucosidase activity and was taken as the average value of two separate experiments performed in duplicate.
Enzyme kinetic parameters of Unbgl1A were obtained by measuring the rate of hydrolysis of p-NPG at various concentrations (1-10 mM) at 508C for 15 min in 100 mM citrate-phosphate buffer ( pH 6.0). The enzyme concentration was 15 mM and the enzymatic kinetic parameters, K m and V max , were determined from the Lineweaver-Burk plots using the computer program enzyme kinetics.
The product of the enzyme reaction was further analyzed by HPLC using the NH 2 -Spherisorb column (0.25 cm Â 30 cm) in Agilent 1100 system equipped with an evaporative light scattering detector. Acetonitrile/water (70 : 30) was used as the solvent, and the flow rate was set at 1 ml/min.
Statistical analysis
All of the experiments were carried out in triplicate. The data of tables were analyzed in a Microsoft excel spreadsheet where the average and standard error were determined. In addition, other experimental graphs were generated using the software GraphPad Prism 5.0 (GraphPad Software, San Diego, USA). The error bars represent the standard deviation.
Results
Gene cloning and molecular analysis A Fosmid library containing about 90,000 clones was constructed with the soil sample from the sugar refinery. From this metagenomic DNA library, a clone, named FBG1, was isolated by using the function-based screening strategy that allowed strong expression of b-glucosidase activity. As shown in Supplementary Fig. S1 , a black spot surrounded the positive clone FBG1 against a plain background after 20 h at 378C. The identified subclone, containing an ORF of 1410 bp, was studied in detail and named unbgl1A. This gene has been deposited in GenBank with the accession number JX566949. The ORF of the unbgl1A gene has 1410 nucleotides, with a G -C content of 72.25%. BLASTX analysis based on the GenBank database revealed that the deduced protein sequence of Unbgl1A had the highest homology to the b-glucosidase of Streptomyces avermitilis MA-4680 (identities 87%, positives 93%). The product of the unbgl1A gene has 469 amino acids, with a relative molecular weight of 51,669.5 Da and a theoretical isoelectric point of 5.45. Structural analysis using the SMART revealed that it contains a domain common to the glycosyl hydrolase family 1 (GH1). Figure 1 shows the multiple alignments of the deduced amino acid sequence of Unbgl1A with related b-glucosidases from GH1, revealing the existence of several conserved regions. Figure 2 presents the phylogenetic tree, showing the relationship between Unbgl1A and other b-glucosidases based on amino acid sequences. The phylogenetic tree also revealed that Unbgl1A is most closely related to b-glucosidase from Thermus nonproteolyticus HG102.
Expression and purification of Unbgl1A
The recombinant Unbgl1A was expressed in the E. coli BL21 strain. The soluble recombinant protein was purified with Ni-NTA by one-step performance. Figure 3(A) shows a major protein band with molecular weight of 52 kDa detected by SDS -PAGE.
The molecular weight of the purified Unbgl1A protein was analyzed by MS. Figure 4(A) shows the presence of a strong peak at 52,276 m/z and a weak peak at 26,172 m/z. The peak at 52,276 m/z represents the monomeric Unbgl1A protein, since the molecular weight measured from MS matches the calculated size deduced from the amino acid sequence of a single protein chain. The molecular weight of the Unbgl1A protein is 52,276 Da. Another peak at 26,172 m/z was originated from doubly charged ions of the monomeric protein.
The protein purity of Unbgl1A was determined by HPLC [ Fig. 4(B) ]. The retention time of a strong peak is at 9.7 min.
The area of main peak was 94.7%, and the rest of the cumulative area of four small peaks was 5.3%. Results showed that the purity of the Unbgl1A protein was 94.7%. 
Zymogram analysis
To verify that the purified proteins had retained proteolytic activity, a zymogram was performed. The zymogram showed that the single brown band of activity appeared on the gel. This result showed clearly that Unbgl1A was consisted of a single polypeptide, i.e. it was a monomeric enzyme [ Fig. 3(B) ].
The optimal pH and temperature of Unbgl1A The activity of Unbgl1A at different pH (3.6-8.0) values was measured at 378C using 2.5 mM p-NPG as the substrate. The optimal pH of the enzyme is around 6.0, because it showed maximal enzymatic activity [ Fig. 5(A) ]. Enzymatic activity remained at a high level with little change when the pH was between 5.0 and 7.0. However, the activity was dramatically decreased when pH value was below 4.0 or above 8.0. The optimal pH of Unbgl1A is similar to that of b-glucosidase purified from Streptomyces sp. QM-B814 [17] .
Under the optimal pH condition (citric acid-disodium hydrogen phosphate buffer, pH 6.0), the activity of Unbgl1A at different temperatures (25-708C) was measured. As shown in Fig. 5(B) , the enzyme activity of Unbgl1A was gradually increased when the temperature was elevated from 25 to 558C, and reached the peak at 508C, followed by a rapid decline of the activity. The activity remained only 40% at 608C, and was fully abolished at 708C. Therefore, the optimal temperature of the recombinant Unbgl1A was 508C.
Effects of sugars on Unbgl1A activity Monosaccharides and disaccharides could enhance the activity of the recombinant Unbgl1A in a dose-dependent manner. The 5% of xylose, D-galactose, lactose, and maltose could increase the Unbgl1A activity by 50%, 40%, 30%, and 10%, respectively (Fig. 6) ; 20% of D-fructose and 10% of L-arabinose increased the Unbgl1A activity by 50% and 25%, respectively [ Fig. 6(A) ]; and 20% sucrose increased the Unbgl1A activity by 25% [ Fig. 6(B) ]. Krisch et al. [18] reported that L-arabinose and D-galactose inhibited the activity of zygomycete Rhizomucor miehei b-glucosidase, resulting in more than 80% reduction in the presence of the highest sugar concentrations. In contrast, the enzyme activity was enhanced by up to 160% with addition of 15% (w/v) sucrose. According to these results, it can be hypothesized that mono-and disaccharides could probably act as glucose acceptors in a transglucosylation reaction, meaning that the enzymatic reaction can proceed in favor of product formation because the glucose was presumably consumed very fast in the transglucosylation step. Figure 7 shows the Lineweaver -Burk plotting for Unbgl1A, from which our enzyme kinetic parameters were derived. Under the optimal conditions, Unbgl1A had a K m value of 2.09 + 0.31 mM and a V max value of 183.90 + 9.61 mmol min 21 mg 21 , when p-NPG was used as the substrate.
Effects of metal ions and other reagents
The effects of various metal ions, EDTA, and SDS on the hydrolysis activity of Unbgl1A under optimal conditions were shown in , and SDS. Under optimal conditions, SDS could almost inactivate Unbgl1A, probably because SDS can destroy the 3D structure of Unbgl1A. In contrast, Li þ , Zn 2þ , and Cu 2þ could increase the Unbgl1A activity by 112%, 11%, and 12%, respectively, which is in contrast to previous reports [19, 20] , in which Cu 2þ strongly inhibited b-glucosidase activity. EDTA slightly decreased the activity of Unbgl1A.
The activities of Unbgl1A measured in the presence of 20-600 mM NaCl indicated that, below 600 mM, NaCl did not inhibit the activity of Unbgl1A [ Fig. 8(A) ]. To our surprise, NaCl in fact has very strong stimulating effect on Unbgl1A The activity measured without any additive (as control) was considered to be 100%. Substrate specificity and enzyme kinetics Under optimal conditions, the Unbgl1A relative rates of hydrolysis on different substrates were measured ( Table 2) , in-
, and 0.2% of cellobiose, sucrose, trehalose, lactose, maltose, carboxy methyl cellulose (CMC), or xylan.
The enzyme was most active towards p-NPG and cellobiose, followed by p-NP-b-D-galactopyranoside and p-NP-b-D-cellobioside, which were 24% and 11.7%, respectively. The hydrolysis of substrates with a b-(1 -4) glycosidic bond was much faster than those with a- (1-4) glycosidic bond. The enzyme could not hydrolyze sucrose, trehalose, CMC, or xylan. These observations indicated that Unbgl1A had strong activity to substrates with a b-(1-4) glycosidic bond, but had weak or no activity to substrates with other types of glycosidic bond. These results implied that Unbgl1A protein was a specific b-glucosidase.
Effect of glucose on enzyme activity Different concentrations of glucose were added into the reaction system, and the activity was measured [ Fig. 8(B) ]. The concentrations of glucose below 300 mM stimulated slightly the p-NPG hydrolysis, reaching 120% at about 150 mM of glucose. When the glucose concentration was further increased, the enzyme activity of Unbgl1A was declined with a K i of 1500 mM glucose, which was the highest K i value for b-glucosidases known so far. This suggested that Unbgl1A was highly tolerant to glucose inhibition, which was desirable for practical applications in cellulose degradation.
Transglucosylation
The purified Unbgl1A was incubated with 35% (w/v) cellobiose with pH 6.0, at 378C for 48 h. The equal volume mixture of inactivated Unbgl1A and cellobiose was used as the control (Fig. 9) . Under this condition, cellobiose was hydrolyzed to produce glucose, and at the same time oligosaccharides (e.g. cellotriose) could be detected in the final product (Fig. 9) , indicating that Unbgl1A possesses a transglucosylation activity that transfers a glucose unit to the receptor sugar (in this case, it is cellobiose). This result is consistent with the reported enzymes from Stachybotrys microbispora and zygomycete R. miehei [18, 21] . Krisch and other groups showed that after 35% (350 mg/ml) cellobiose was mixed with b-glucosidases for 72 h, there was 86 mg/ml cellotriose generated [18, 21, 22] . Cellobiose may serve as the glucosyl donor in the transglucosylation by b-glucosidase. However, cellobiose could not serve as donor when b-glucosidase from Trichoderma citrinoviride was used [17] .
Discussion b-Glucosidase is an important component of the cellulase complex and a key rate-limiting enzyme in cellulose degradation. It is very sensitive to glucose inhibition [4] . b-Glucosidase hydrolyzes cellobiose to produce glucose, and the latter can be easily fermented by microbes to produce dozens of useful chemicals, such as ethanol [23] . At present, searching for novel b-glucosidases either with high glucose tolerance [24] or with ability to produce some specific medicines [25] has become a hot research spot, because this type of enzymes can diminish the inhibition of glucose and cellobiose generated during cellulose saccharification. It is reported that most of the microbial b-glucosidases are competitively inhibited by glucose and exhibit K i values ranging from 100 to 500 mM [26, 27] . However, some microbial b-glucosidases did show very high capacity for the glucose tolerance [24] . Till today, only a handful of microorganisms have been found to embody b-glucosidases showing high glucose tolerance with K i values of more than 500 mM [27] [28] [29] [30] [31] . For example, b-glucosidases from marine microbial metagenome displayed high inhibition constant for glucose with K i of 1000 mM [30] , and only at glucose concentrations .300 mM, the b-glucosidase activity from Streptomyces sp. QM-B814 was slightly decreased [31] . Unbgl1A is a b-glucosidase with high glucose-tolerance ability with K i for glucose as high as 1500 mM, which is the highest reported so far. The recombinant Unbgl1A is not only resistant to glucose inhibition, but also is activated by glucose at concentrations ,300 mM. When glucose concentration was increased, the enzyme activity of Unbgl1A gradually declined, finally reaching a K i value of 1500 mM. The high glucose tolerance of Unbgl1A enables the enzyme to survive at high concentrations of glucose during the process of cellulose saccharification, and thus to have great potential in biofuel production.
The results of ion effects on Unbgl1A showed that this enzyme was significantly inhibited by Ca 2þ and Mn 2þ , and slightly stimulated by Zn 2þ and Cu 2þ , which differs from the situation in Streptomyces sp. QM-B814 b-glucosidase [31] , where the enzyme was slightly stimulated by Ca 2þ and Mn 2þ , and rather strongly inhibited by Cu 2þ . This could be related to its environmental origin since Unbgl1A is a metagenomederived protein obtained from bare samples in the field, in which the genetic materials will be evolving to adapt to harsh conditions such as high concentration of metal ions. Unbgl1A shows a high tolerance to high concentration of NaCl. It was previously reported that 500 mM NaCl could decrease 14% activity of the b-glucosidase BglA, which was obtained from marine microbial metagenome [30] . In contrast, in the present study, the activity of Unbgl1A was not affected by as much as 600 mM NaCl. To the best of our knowledge, the b-glucosidase from Aspergillus oryzae is so far the only one that shows comparable capacity in high tolerance to glucose and shows high enzyme activity for p-NPG [33] . In fact, the recombinant Unbgl1A has slightly higher tolerance to glucose than the b-glucosidase from A. oryzae (Table 3 ). In addition, the Unbgl1A also shows very good tolerance to high concentration of NaCl, and at the same time, this enzyme could be stimulated by a variety of monosaccharides, disaccharide, and again by NaCl. The mechanism of high glucose tolerance shown by Unbgl1A is not very clear at present. It can be speculated that Unbgl1A might transglycosylate any glucose to other sugar molecules (as acceptors), which relieves the effect of glucose on the enzyme. To prove this hypothesis, much work needs to be done. The first thing is to find the substrate/product-specific binding sites on Unbgl1A, and then mutagenesis should be brought to these sites to see whether the enzyme tolerance to high glucose concentration is affected or not.
In summary, we constructed a Fosmid library from enriched sugar soils and identified a novel b-glucosidase gene (unbgl1A) by function-based screening strategy. By detailed biochemical characterization of the recombinant b-glucosidase, we found that it is an excellent enzyme to be tested on cellulose hydrolysis. High glucose and high NaCl tolerances will probably make this enzyme to be the first choice of any attempt to utilize cellulosic feedstock to produce biofuels.
Supplementary data
Supplementary data are available at ABBS online.
Funding
This work was supported by the Natural Science Foundation of Guangxi Zhuang Autonomous Region of China (No. 2010GXNSFA013067).
